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Abstract 
A novel method using inflatable leading lip cell for suppressing duct lip stall of ducted fan system is presented and numerically 
simulated using unsteady Reynolds-averaged Navier-Stokes equations. The lip inflatable mechanism consists of an inflatable cell 
and a faring cell. The inflatable cell size is controllable via inflating or deflating, while the faring cell is basically used to help 
form a desirable shape of a smooth configuration. The inflatable cell can change the shape of the duct lip, resulting in the change 
of flow pattern around the duct lip. This method has advantages of no rotating or transmission mechanism, minimum change to 
the original duct structure, and maximum shape control range. Preliminary results of the numerical simulation demonstrate that 
the method presented is effective in suppressing the duct lip stall, and it is a promising applicable stall suppression approach. 
© 2015 The Authors. Published by Elsevier Ltd. 
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM). 
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1. Introduction 
The ducted fan system basically consists of a duct and a fan/propeller surrounded in the duct. The research of 
ducted-fan aerodynamics emerged during the period from fifth to sixth decade last century, when the ducted-fan 
configuration was widely adopted to supply the thrust for VTOL (Vertical Take-Off and Landing) aircrafts. 
Especially, experiments [1-3] were conducted to investigate the performance of ducted-fan system during the design 
process of two classic ducted-fan-based VTOL aircrafts, i.e. Doak VZ-4 and Bell XV-22A, which use tilt ducted-fan 
system to generate vertical lift during vertical take-off and landing as well as forward thrust during forward flight. 
 
 
* Corresponding author. Tel.: +86-15802935215; fax: +86-029-88491374. 
E-mail address: xuheyong@nwpu.edu.cn 
© 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license 
(http://creativecommon .org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of The Chinese Society of Theoretical and Applied Mechanics (CSTAM)
159 He-Yong Xu et al. /  Procedia Engineering  126 ( 2015 )  158 – 162 
Because of the requirement of being able to supply vertical lift and forward thrust, it is extremely important to make 
the ducted-fan system smoothly tilt from hovering to forward flight at the vertical take-off stage or from forward 
flight to hovering at the vertical landing stage. From the perspective of aircraft flight direction, the coming flow 
angle of attack relative to hovering duct is as high as 90°, while it is as low as about 0° relative to forward flight duct. 
Therefore, during the tilting process the duct will easily experience an aerodynamic stall at higher angle of attack, 
especially during a quick acceleration or deceleration at the vertical take-off stage or landing stage. From the 
aerodynamic principle, the flow stall separation near the duct lip will inevitably lead to a abrupt change in the thrust 
and torque characteristics of the ducted-fan system, consequently affecting the controllability and stability of the 
whole aircraft, which is a crucial issue for VTOL aircraft. The Doak VZ-4 and Bell XV-22A VTOL aircrafts both 
met the duct lip stall problem in the test flight, which gives rise to the control difficulty and noise problem [4]. Thus, 
it is of great necessity to study how to alleviate the duct lip stall problem during the ducted fan tilting process. 
A novel method based on the inflatable leading lip cell is presented in this paper to alleviate the duct lip stall. The 
design of inflatable structure is inspired by the original research of Kenneth [5] and previous study of current 
authors’ research group [6]. The basic idea of the present method is described next. An inflatable mechanism whose 
shape can be adjusted by inflation or deflation is deployed around the lower duct lip to change the shape of duct lip, 
subsequently affecting the incoming flow around the duct lip, then it is expected that the lip stall will be suppressed 
or alleviated if the shape of inflatable mechanism is reasonably controlled. The Reynolds-averaged Navier-Stokes 
equations are solved to study the effectiveness of this method. 
2.  Design of duct lip inflatable mechanism  
The ducted propeller configuration tested by NASA for VTOL aircraft lift system research is used here to conduct 
the present study, as shown in Fig.1. This configuration consists of a three-blade propeller and an annular-wing-
shape duct. The propeller blade has a NACA6212 airfoil section with variable chord lengths, blade angles and 
thickness-to-chord ratios. The blade has a non-linear twist angle distribution from root to tip. The propeller-blade 
geometric characteristics and the duct coordinates are detailedly documented in Reference [2]. 
 
                            
Fig. 1. Configuration of ducted-fan for simulation.                            Fig. 2. Sketch of the lip inflatable cell design. 
The sketch of lip inflatable mechanism added to the duct section airfoil is shown in Fig.2. This inflatable structure 
consists of two parts, i.e. inflatable cell and faring cell, made of special membrane material. The whole inflatable 
and faring parts are basically constructed by three sections of membrane, i.e. section AD, BD and CD. The former 
two compose the inflatable cell which is a confined region with air and its shape can be adjusted by inflation or 
deflation. The faring cell is vented to the atmosphere to form a desirable inflatable cell shape with a smooth faring. 
It is noted that the membrane sections CD and AD bear initial tensions in order to being able to attach to the baseline 
duct surface while the inflatable cell is deflated completely. 
For the 3-dimentional configuration, different duct section has a different inflatable cell radius, with maximum at 
the lower vertical mid-plane section and zero at the two side horizontal mid-plane sections, shown in Fig.3. 
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(a) Side-view                                                                           (b) Front-view 
Fig.3 The overview of lip inflatable cell system. 
The inflatable cell is inflated to alleviate the duct lip stall only when the ducted fan is transiting from hovering to 
forward flight or from forward flight to hovering, in which situation the stall separation is likely to occur around the 
duct lip. During the normal forward flight without duct lip stall, the cell is deflated and tightly reattaches to the duct 
surface by its tension, making the duct recover to its original designed shape with a lower drag. This method has 
advantages of no rotating or transmission mechanism, minimum change to the original duct structure, and maximum 
shape control range, which make it a promising stall alleviation approach.  
3. Numerical methods 
The unsteady Navier-Stokes equations are discretized by the central finite-volume method on the inertial 
coordinate system. The integral form of Navier-Stokes equations for a bounded domain :  with a boundary :w  can 
be written as 
³³³³³³³ :w:w:  ww SSVt d)(d)(d nQGnQFQ                                                 (1) 
 
where Q is the conservative variables, and F(Q), G(Q) are convective term and viscous term, respectively. 
The unstructured rotational overset grid method [7] developed by current research group is used to carry out the 
numerical simulation. The entire computation field is decomposed into a rotational zone and a stationary zone. The 
rotational zone includes propeller and the middle part of hub closely connected to the blade root which rotates with 
the blade. The stationary zone includes duct and the fore and rear stationary parts of hub. More details can be found 
in Reference [7]. The Reynolds-averaged Navier-Stokes equations closed by the Spalart-Allmaras turbulence model 
[8] are discretized using central difference spatial discretization scheme based on the reconstruction approach, and 
the dual-time stepping method [9] is adopted to advance the time-accuracy solution in physical time with pseudo 
time marching by means of the standard four-stage Runge-Kutta scheme. 
4. Results and discussions 
4.1. Validation of computation code 
The current in-house code was developed aiming for the unsteady simulation of complicated flows involving 
relatively rotating bodies. The solver was well validated in the flow separation simulation for wing-body junction 
with different fairings [10], and by some experimental cases including propeller-fuselage simulation [11], rotor-
fuselage interaction [12, 13] and coaxial rotor helicopter simulation [14]. 
In the present paper, the code is further validated by simulating the original ducted propeller configuration at an 
angle of attack 50°, and comparing with experimental result. The coming flow velocity is 30m/s, and the rotational 
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speed of propeller is 8000rpm. Table 1 gives the comparison of propeller aerodynamic coefficients between the 
computational and experimental results, showing a good agreement. 
   Table 1. Comparison of propeller aerodynamic coefficients. 
 CT, propeller CQ, propeller 
Computation 0.1720 0.02805 
Experiment 0.1798 0.02989 
Discrepancy 4.3% 6.2% 
 
Fig.4 shows the streamlines at a certain physical time step for the original configuration, including surface 
streamlines on mid-plane slice and spatial streamlines near the mid-plane. It is obvious that a serious separation 
occurs after the duct lip at the angle of attack 50°. 
 
                           
(a) Surface streamlines on mid-plane slice                       (b) Spatial streamlines near mid-plane 
Fig.4 Streamlines at a certain physical time step for original configuration. 
4.2. Simulation of configuration with lip inflatable cell 
For the purpose of comparing result with original configuration, the same parameters for generating the 
computation grid of original configuration is used to generate grid for the new configuration with duct lip inflatable 
cell. The simulation condition is also same to the original case. The calculated propeller thrust coefficient is 0.1340, 
and the torque coefficient is 0.02451. Fig.5 shows the streamlines at the same physical time step as that in Fig.4 for 
the modified configuration with lip inflatable cell, including surface streamlines on mid-plane slice and spatial 
streamlines near the mid-plane, which shows that the original stall separation disappears. 
 
       
(a) Surface streamlines on mid-plane slice                       (b) Spatial streamlines near mid-plane 
Fig.5 Streamlines at a certain physical time step for modified configuration with lip inflatable cell. 
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Comparison between Fig.4 and Fig.5 presents reasonable evidence to the conclusion that the novel method of lip 
inflatable mechanism has a satisfactory effectiveness on the lip stall suppression. In Fig.4, a fairly strong blade tip 
vortex is generated by the rotating propeller, and subsequently a massive separation occurs after the tip vortex, 
demonstrating that the rotating blade easily cause a lip stall separation. It is inspiring to find in Fig.5 that the 
massive lip stall separation is suppressed by applying the lip inflatable cell. Therefore, the preliminary numerical 
study here demonstrates that the lip inflatable mechanism is effective for suppressing duct lip stall, and it is a 
promising stall suppression method for other potential applications, and is worth further investigation. 
5. Conclusions 
In the present paper, a novel method based on inflatable leading lip cell for suppressing duct lip stall is presented 
and validated by solving unsteady Reynolds-averaged Navier-Stokes equations. The numerical results demonstrate 
that the method shows inspiring effectiveness in suppressing duct lip stall. The method presents an equivalent effect 
as the traditional leading edge deformation approach, but without complicated supporting or transmission structures 
which is necessary for traditional leading edge deformation. Its easy implementation and superb controllability make 
it a promising stall suppression method. 
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